Abstract A uniform energy control strategy for single-phase AC resistance spot welding (RSW) was proposed in this paper. Through seriously analyzing the welding process, a variable, which is the product of square of welding current and welding time (I 2 t), can be considered as an ideal control variable to ensure the uniform energy delivery. It can be translated to constant current control in reality. However, when the winding ratios of the welding transformer are different, direct translation can obtain incorrect result. Then, the effect of different winding ratios on welding current was studied, and a method which can obtain a corresponding constant welding current when different number of windings were employed was proposed. Final simulation and corresponding analysis validated the proposed method, and the method can be employed to facilitate the current welding production. This work provides a convenient and effective method for welding control when different ratios of welding transformer are employed.
Introduction
Resistance spot welding (RSW) is employed extensively in the sheet metal joining industry, especially in automobile, recreational vehicles, railroad passenger cars, office furniture, and some other relative manufacturing areas [1, 2, 3] . However, RSW suffers from a significant problem of inconsistent quality during the process [4, 5] . Proper energy delivery is a significant element to obtain satisfactory welding products, due to that the products are formed by the solid metal absorbing energy and then melting [6] . Though there are two kinds of RSW machines with different types of energy delivery modes-single-phase AC RSW machine and threephase medium-frequency DC RSW machine-the former type machine is still employed prevalently because of its popularity and simplicity [7, 8] .
To obtain uniform welding products for workpieces from one batch, a lot of relative researches have been conducted for decades. Firstly, finite element method (FEM) was employed to seek the variation rules of nugget formation and growth for control system design [9, 10] . However, the governing differential equations cannot precisely predict the heat transfer situation if phase transition phenomenon is involved [1, 11] . Due to the same reason, the method which used the material characteristics to design the control system [12] may also be limited in practice. Also, some particular process variables, such as electrode displacement or velocity, dynamic resistance or electrode force, etc., were employed to establish a uniform nugget growing control system, because they can provide significant information concerning the nugget formation and growth process [13] . The commonly used modeling tools were neural network [14, 15] , fuzzy logic [16] , or the combination of these two methods [17] , or other data fitting methods [18] .
Though a lot of methods were employed to establish the models for obtaining uniform welds with satisfactory quality, there is no reliable and reasonable energy delivery mode appearing. Because of the existence of the welding transformer, which is a step-down transformer, any tiny difference from workpiece to workpiece in the secondary coil may induce large uncertainties in the primary coil and affect a uniform energy delivery. Moreover, mechanical differences between the machines may also affect the uniform energy delivery and nugget growth process.
During the welding process, the workpieces have a lot of individual differences, such as surface roughness and/or variety of contaminations and thickness and/or stack-up variation, even from the same batch products [19] . A uniform energy delivery strategy is important to guarantee a high efficiency of obtaining welding products with satisfactory quality. In recent years, there are a variety of control strategies employed in real welding production, such as constant voltage control (CVC), constant power control (CPC), which is also named as constant energy control (CEC), and constant current control (CCC) [6] . These strategies employed one specific control variable as an approximate constant during the welding process; however, the variable may not be relative to a uniform nugget formation and growth process, and those applications may be limited. For electrical structure of a single-phase AC RSW machine, which is a typical nonlinear and time-varying system, the individual machine difference may also seriously affect the uniformity of nugget formation and growth. Hence, a uniform energy delivery strategy should be introduced in reality in order to guarantee a uniform nugget growing process under any individual machine condition, and it should be induced based on the principle of nugget formation and growth and characteristics of single-phase AC RSW operation.
The goal of this work is to develop an energy control method for realizing the uniform energy delivery. In Sect. 2, the principle of nugget formation and growth will be discussed. Section 3 will focus on the design of a new control strategy. The simulation will be conducted in Sect. 4. Section 5 will provide concluding remarks and suggestions for future works.
Principle of nugget formation and growth during single-phase AC RSW process
The energy delivery in single-phase AC RSW is controlled by two parallel silicon-controlled rectifiers (SCRs). The electrical structure and corresponding continuous waveforms of voltage and current of RSW are shown in Fig. 1 [20] .
where TR is a welding transformer. The firing angle α, which is also named as trigger time, is a sole control variable during the welding process, while θ is the conduction angle, denoting the effective duration of the welding current. In this work, all of the angles can be translated into corresponding times according to the working frequency of the RSW system. For example, if the frequency of the AC power source is 50 Hz, which means the control frequency of the RSW system is 100 Hz, 90°firing angle corresponds to 5 ms trigger time, so is the conduction angle. It can be obviously found that the zero-crossing point of the welding current is behind the zero-crossing point of the AC power source due to the existence of inductive components in the system. Under this circumstance, we employed ψ, which is the phase lag angle, to denote this deviation.
During the welding process, the metal workpiece melts by the heat energy generated from the interface between two or more workpieces. Hence, the amount of heat energy delivered into the welding system is very important for the process. The energy is generated following the basic Joule heat calculating formula:
where Q is the amount of energy generated during the process, T 1 and T 2 respectively denote the beginning and terminating times of the process, I(t) is the welding process, and R(t) is the dynamic resistance of the workpieces. In this equation, welding current I(t) and the welding durations T 1 and T 2 are controlled by a preliminary specific welding schedule. Dynamic resistance R(t) is a unique parameter which can reflect the workpiece characteristics in real time. To obtain a uniform energy delivery for one batch of workpiece, a detailed analysis should be seriously conducted. After enough heat energy is delivered into the welding system, solid metal melts and liquid nugget forms, and then the workpiece dynamic resistance can be considered as a series of solid metal resistances and liquid metal resistances. To clearly illustrate the nugget formation and growth, the affecting workpieces are divided into single uniform units with the same volume as shown in Fig. 2 [19] .
It can be observed that in the direction which is vertical to the direction of the welding current, the units of the metal resistances are in parallel connecting mode. During the welding process, because the contact resistance of two workpieces is the largest in the interface due to the existence of contaminations, the initial melting occurs in the interface and then expands into nearby zones. For each unit, the same amount of energy is needed to melt from solid metal to liquid nugget. Each unit can be considered having the same value of resistance. Then, the issue for obtaining a steady nugget formation and growth process can be translated as guaranteeing each unit obtaining the same amount of energy during the same duration. According to Eq. (1), it can be considered as that during each equal time, the constant current should be guaranteed, in other words, the constant variable in the control should be I
